This part of the study aims to investigate the role of fiber finish during processing on the needlepunching machine.
Introduction
Needlepunching, a nonwoven technology of fabric formation, is used in the manufacturing of several commercial products such as home and automobile upholstery, carpeting, medical and hygiene products, industrial filters and many other high performance applications. Structural integrity of the fabric is provided by means of fiber entanglements, caused by the repeated punching of a board of needles through a layer of loosely held fiberweb. The resultant fabric properties are determined by the type of fiber and fiber properties such as length, fineness, coefficient of friction and flexural rigidity. Additionally fiberweb parameters such as basis weight, thickness and number of layers, and machine parameters such as needling density, draft, depth of penetration of needle and needle design parameters significantly impact fabric properties [3] [4] [5] [6] [7] [8] [9] [10] .
Due to the nature of the feed material, finish applied on the fibers to aid its mechanical processing during the preparatory process such as carding is carried over to the needlepunching process. Often the finish treatment is not optimized for the needlepunching process and hence results in differences in processability depending on the finish treatment. Optimization of the finish treatment will ensure a fiber friction low enough to permit realignment of fibers and high enough to impart sufficient strength to the fabric after needlepunching. The fiber-to-metal friction should also be optimized to reduce wear on the needles. One such study conducted by Wagner and Ahles, on Kevlar aramid fibers have shown a considerable reduction in needle breakage [16] . The study used a more static form of measurement of needling forces and the needle breakage was recorded over a long period of time. Kevlar by nature is also a very rigid fiber compared to other fibers used for needlepunching such as polyester and polypropylene. There has also been no study conducted on the effect of finish uniformity on the needling process. Since the response to finish treatment differs from fiber to fiber, a study of the effect of friction and its uniformity on the dynamic needling forces and fabric properties should provide a better understanding of the role of fiber finish in needlepunching.
Experimental Approach
Two fiber types, namely polyester and polypropylene, were used to study the effect of finish level and finish uniformity. Polyester of 3 denier and 38mm was provided by Wellman Inc., and polypropylene of 9 denier and 38mm was provided by Fibervision Inc. The finish used on both fibers is of a generic kind, formulated by Goulston Tech. The finish is composed of 90% lubricant (PEG(400) Monolaurate) and 10% antistat (Amine neutralized linear alkyl phosphate).
The effect of finish level is studied by processing different ORIGINAL PAPER/PEER-REVIEWED levels of finish on fibers while keeping the rest of the processing parameters the same. As for finish uniformity, one set of fibers with a finish level A, supplied by the fiber manufacturer, is compared with a second set of fibers with the same finish level arrived by blending fibers with different finish level. To illustrate, suppose the fiber manufacturer provides fiber with a finish add-on percentage of 0.137%. This set of fiber is called the original finish level. Another set of fibers is prepared by blending fibers with 0.038%, 0.11% and 0.22% finish add-on percentage in the proportion 10%, 60% and 30%, respectively. This second set of fibers is called the blended finish level and is expected to have a finish distribution less uniform than the original finish level. A comparison of the response parameters for the original and blended finish should provide a good indication of the effect of finish uniformity on processability.
Role of Fiber Finish In The Conversion Of Fiber To Nonwovens
The needling parameters used for the two fibers are given in Table 1 . The 0.61% of finish add-on in polypropylene and 0.137% finish add-on in polyester is used to study the effect of finish uniformity. The process parameters where chosen by first preparing a feed batt with the maximum processable basis weight and then selecting the other parameters based on this. To form a fiberweb, the polypropylene was processed on a garnet due to its large diameter and short fiber length, before crosslapping. In the case of polyester a revolving flat top card was used to form the fiberweb before crosslapping. The experiments were performed on a Dilo needle loom at 400 punches/min. The key response parameters are the dynamic needling forces and fabric properties such as tensile strength, tear strength and energy to breaking point of the fabric in both machine and cross machine directions. The dynamic needling forces should provide a good indication of the resistance to penetration experienced by the needles, which in turn is a good indication of the lubricating effect of the finish (fiber to metal and fiber-to-fiber friction), needle wear and needle breakage. On the other hand, the tensile strength and tear strength should provide a good indication of the effect of finish on fiber cohesion (fiber-to-fiber friction). Five replicates were taken for each treatment to eliminate bias. The test method used for collecting each of the four response parameters is described below.
Measurement of Dynamic Needling Forces
Several methods of measurement of needling forces have been proposed [1, 2, 8] . For this study, the Nonwoven Cooperative Research Center (NCRC) dynamic needling force measurement device was used. A critical analysis of other needling force measurement device and the construction and working principle of the NCRC dynamic needling force device is given by Seyam, et al., [11, 12] . As the relative position of needle and needle orientation on the needle board is known to affect needling forces [13, 15] , needling forces of five needles arranged linearly along the length of the machine and equidistant to each other were collected. A schematic diagram of the device is given in Figure 1 and the relative position of the needles on the needle board is given in Figure 2 . Here needle position 1 is at the feed of the machine and needle position 5 is at the exit or the delivery side. The signal analysis of the raw needling force data ( Figure  3 ) used earlier is given by Seyam et al [14] . The signal analysis for this experimentation has some slight modifications. In the earlier method, a fast Fourier transformation was performed to find the most significant Fourier frequencies and use this to perform a low-level filter to remove any noise at other frequencies. Then the force due to inertia was separated from the actual needling forces and the relevant measurements like peak penetration force, peak striping force, penetration energy and striping energy were deduced. This final step of deducing the forces was done for one cycle at a time for a large set of cycles for each replicate to represent the variation in the above measurements from cycle to cycle. There is, however, a shift in the mean of the cyclic wave from needle to needle based on their location and due external noise. The inertial forces may also vary from one cycle to another, requiring extreme caution while analyzing the data of the needle forces. The current method used attempts to characterize the force equation by means of time series analysis.
The voltage readings from the instruments were transformed to force measurements using calibration equations. Then a moving median filter was used to remove outliers and noise from the raw data. A fast Fourier transformation was performed and the periodogram was plotted to identify the Fourier frequency with the maximum power. The scan rate used in this experiment was 400 scans/sec. This provides 60 scans per cycle for a machine speed of 400 punches/min. Time series analysis was used to arrive at a best-fit model for the curve with relevant harmonics of the sine and cosine function of the Fourier frequency. The characteristic relationship is given in equation 1 below. Now the inertial force was separated from the actual forces and the peak penetration force, peak striping force, penetration energy and striping energy is deduced as per the previous method [11, 12] . The prime concern here is to ensure that the derived force measurements are representative of all possible forces for a given treatment. Since the model is fitted over a vast number of cycles and the R2 value of the curve is significantly high, the variance of the peak penetration force and peak striping force can be represented by the square of the standard error of prediction. The variance of the penetration energy and striping energy is given by equation 2 below. This reduced to equation 3, if the variance of the coefficients is independent of each other. The variance of the force measurements can also be taken care of by increasing the number of replicates for each treatment. In this case a replication of 5 was found to provide a good representation of the force measurements.
Where, f(x) Force Equation Φ i(x),ooj(x)
Sine/Cosine function with harmonics, i = 0,1,2,…,n , j=0,1,2,….n C i ,C j Coefficient of sine/cosine term
Boundary conditions for x.
This method utilizes a large number of cycles to characterize the curve and provide a good representation of the force measurements. The method is also less time consuming and more standardized. A sample calculation is provided in appendix I. In this study, only the peak penetration force and penetration energy is used to compare the finish performance. The peak striping force and striping energy is not compared, due to their small magnitude and high variance.
Fabric Properties
The tensile strength and energy to breaking point of the fabric was measured on the Instron Tensile tester based on the ASTM standard test D 5034-95. The tear strength of the needlepunched fabric was also tested on the Instron, using the trapezoidal method as recommended in the ASTM standard test D 5733-95.
Results and Discussion POLYPROPYLENE

Dynamic Needling Forces
The change in peak penetration force and penetration energy for each needle position with respect to finish level is given in Figures 4 and 5 
tively. At low needling density, such as the one used here the needling forces increase from position one to five due to the increase in resistance by the fibers to reorientation as they are already entangled to a certain degree by the previous needles. This behavior is explained recently [15] . There is a significant effect of finish level on needle penetration forces of all instrumented needles. The high (0.61%) finish level fibers displayed less resistance to needle penetration. On comparing the needling forces with respect to finish uniformity. There is a significant effect of finish uniformity on the needling forces ( Figures 6 and 7) . The blended finish shows less resistance to needling than the original medium finish. This could be because the excess finish from the high finish add-on fibers of the blended finish got relocated during carding, providing good overall lubrication or this excess finish forms a coating on the needles causing a drop in needling force once steady state is achieved.
Fabric Properties
The change in tensile strength, tear strength and Energy to breaking point of polypropylene needlepunched fabric is given in Figures 8, 9 and 10, respectively. There is a significant effect of finish level, direction of fabric and their interaction on all the three fabric properties tested. The higher finish level provided better fabric performance. The high strength in the machine direction when compared to cross machine direction is contrary to usual finding. This could be due to the reorientation of the fibers while testing on the Instron, as a result of their short fiber length and greater fiber diameter. These two polypropylene fiber parameters cause the fiber-to-fiber friction to reduce significantly and lead to easy reorientation of fibers during testing.
On comparing the fabric properties with respect to finish uniformity ( Figures 11, 12 and 13 ), there is a significant effect of finish uniformity and direction on all the three fabric properties. The needled fabric with the original finish level (0.61%) shows a higher strength, than the needled fabric with the blended medium finish (0.61%(B)).
The greater strength of the fabric in the machine direction than in cross machine direction indicates that the fiber orientation during testing is more towards the machine direction than the cross machine direction. Usually a carded, crosslapped and needlepunched fabric shows greater orientation in the cross machine direction. Here the deviation could be due to the use of the garnet to form the initial fiberweb. Also the fibers could have realigned while testing due to more freedom of movement.
POLYESTER Dynamic Needling Forces
The change in peak penetration force and penetration energy for each needle position with respect to finish level is given in Figures 14 and 15, respectively. There is a significant effect of finish level and needle position on the needling The difference in needling forces between fibers with different finish levels increases with an increase in distance of the needle position from the feed. On comparing the needling forces with respect to finish uniformity (Figures 16 and 17) , the effect of finish uniformity was not statistically significant on any of the needling forces.
Fabric Properties
The change in fabric properties of polyester needlepunched fabric is shown in Figures 18, 19 and 20 . There is a significant influence of finish level and direction of test on all the three fabric properties, namely, tensile strength, tear strength and tensile energy to breaking point. There is an initial drop in the strength of the fabric properties for an increase on fin-ish level and then the strength seems to improve for further increase in finish level.
The change in tensile strength, tear strength and energy to breaking point of polyester needlepunched fabric with respect to finish uniformity is shown in Figures 21, 22 and 23. There is once again a significant effect of finish uniformity on tensile strength and energy to breaking point, but there was no effect of finish uniformity on the tear strength.
Conclusion
The influence of finish level on needling forces for both polypropylene and polyester suggest that the needling forces can be altered for optimum needling efficiency along with reduced needle wear. The response to finish level was also found to vary with the type of fiber. Polyester fiber in spite of its smaller range of finish levels tends to show large variation in its response to change in finish level than polypropylene fibers. It has to be noted that the polypropylene fibers used here are of a larger diameter than polyester fibers, which might even further increase the difference in resilience between the two fibers. The polyester data also shows that the difference in finish performance changes with respect to needle position. The further the needle is from the feed the greater is the difference in peak penetration forces with respect to finish level. As for finish uniformity only polypropylene shows a strong influence of finish uniformity on needling forces. A closer look, at the blend composition of the 0.61%(B) finish level of polypropylene shows that the finish level of the high finish component is nearly three times 0.61% (Table 1) . This excess finish could lead to a coating of the needles while needling and hence result in a significantly better lubrication that the original 0.61%.
The finish add-on percentage and finish uniformity showed significant influences on polypropylene and polyester needlepunched fabric properties. The difference in lubrication can influence the freedom of movement of fibers with respect to one another. This in turn determines the breaking mecha- Greater the freedom of movement, more is the tendency of the fibers to realign and break in groups while testing, resulting in greater effective strength due more fibers sharing the load exerted on the fabric. The effect of finish uniformity on fabric properties shows that the fabric with the original finish have better strength. This shows that lack of uniformity also reduces the tendency of fibers to break in groups rather than individuals. 
